Retinal degeneration is a major cause of severe visual impairment or blindness. Understanding the underlying molecular mechanisms is a prerequisite to develop therapeutic approaches for human patients. 
The neuronal retina is designed to absorb photons and convert the information into electrical signals that are transmitted to the brain. Due to their high specialization, photoreceptors are highly vulnerable to any endogenous or exogenous disturbances. So far more than 150 genes are known to cause some form of retinal disorder when mutated (http://www.sph.uth.tmc.edu/ Retnet/). Retinitis pigmentosa (RP) and age-related macular degeneration (AMD), two frequent causes of severe visual impairment or blindness in patients, are characterized by the progressive loss of visual cells by apoptosis. Various animal models have been generated and used to investigate the molecular mechanisms of disease induction and progression. Besides genetically modified animals, the model of light-induced photoreceptor apoptosis is widely used to analyze signaling pathways during retinal cell death and to test the efficacy of neuroprotective substances (1-8).
Inhibition of photoreceptor apoptosis is one possible strategy to protect morphology and function of the retina and to prolong the period of useful vision in patients. Several compounds, including cytokines like fibroblast growth factor-2 (FGF-2), pigment epitheliumderived factor (PEDF), and ciliary neurotrophic factor (CNTF), have been shown to be protective in light damage and in models of inherited retinal degeneration; other factors protect photoreceptors only in induced but not inherited models (2, 5, 9 -13) . The mechanisms of protection are still largely unknown but may involve differential intracellular signaling cascades. CNTF, for example, is suggested to activate the Janus kinase signal transducer and activator of transcription (Jak-STAT) signaling pathway in ganglion cells and Muller cells. Such activated Muller cells may initiate a secondary, neuroprotective activity to preserve photoreceptor viability (14) . FGF-2 and glial-derived neurotrophic factor (GDNF) might be such factors produced and released by Muller cells upon proper stimulation (15) . In addition to Jak-STAT signaling, CNTF may also stimulate cell survival through phosphatidylinositol-3 phosphate kinase (PI3K)-mediated Akt signaling (16, 17) .
Upon binding to the heterodimeric receptor complex containing gp130, members of the IL-6 family of cytokines induce autophosphorylation of cytoplasmic Jak kinases, which then phosphorylate downstream molecules such as transcription factors of the signal transducer and activator of transcription (STAT) family of proteins. In addition to the IL-6 family of cytokines that consists of seven members (leukemia inhibitory factor, LIF; cardiotrophin-1, CT-1; CNTF; cardiotrophin-like cytokine, CLC; oncostatin M, OSM; neuropoetin, NP; interleukin-6 (IL-6), IFN alpha and gamma are similarly strong activators of the Jak-STAT pathway (18) . Of particular interest is the fact that Jak-STAT signaling has been implicated in both pro-and antiapoptotic mechanisms. STAT1 is frequently described as being proapoptotic whereas STAT3 is often found in proliferating tumor cells and is suspected to be anti-apoptotic (19 -21) . This signaling cascade is controlled by a negative feedback loop involving members of the suppressor of cytokine signaling (SOCS) family of proteins (22) .
Here we show that retinal degeneration in three different mouse models of induced and inherited photoreceptor apoptosis activates expression of several proteins of the IL-6 family of cytokines. This leads to the phosphorylation of members of the Jak-STAT signaling pathway and to the activation of a negative feedback loop by the increased expression of several members of the SOCS family. Interference with this pathway protects the retinal tissue against an acute toxic insult but not against photoreceptor degeneration in an inherited model. Our results suggest that Jak-STAT-mediated regulation of an intracellular response to photoreceptor degeneration is of differential importance for the retina depending on the nature of the insult.
RESULTS

Induction of LIF and CLC by acute light exposure
Injury or stress to the retina or to the optic nerve induces the expression of several neurotrophic factors, including CNTF and FGF-2. These molecules may act as survival factors protecting photoreceptors and other retinal cells from further damage (23) (24) (25) (26) (27) (28) . In the search for additional factors relevant for retinal injury, we tested expression of cytokines of the IL-6 family in BALB/c mice after exposure to high levels of white light, a treatment that represents a strong retinal insult leading to rapid photoreceptor apoptosis. Whereas CLC and LIF where highly up-regulated, peaking 12 h after light exposure, expression CNTF showed a slow response with a slight increase after 36 h (Fig. 1A, B ; Supplemental Table 1 ). CT-1 remained unchanged throughout the period investigated. TGF-␤, another cytokine involved in many regulatory and inflammatory processes in the retina, increased slightly 48 h after light exposure. Increased expression of LIF and CLC well preceded the light-induced release of free nucleosomes, which peaks ϳ 36 h after exposure and indicates a late stage of apoptosis (Fig. 1B) (2) . Increased CNTF expression largely coincided with the apoptotic wave as detected by the biochemical detection of free nucleosomes.
Induction of the janus-activated kinase (JAK)-STAT pathway by acute light exposure
Upon binding to their respective receptors, members of the IL-6 family of cytokines activate the Jak/STAT signaling pathway. Functional receptors are heterodimeric complexes consisting of a common gp130 protein and of specific proteins like CNTF receptor or LIF receptor, all of which are expressed in the mammalian retina ( Fig. 2 ; see Fig. 6 ) (29) . In extracts of untreated retinas, activated (phosphorylated) Jak2, STAT1, and STAT3 were not or were only barely (p-STAT3) detectable, in contrast to p-Akt 473 and pErk1,2 (Fig. 2) . After light exposure, phosphorylation of Jak2, STAT1, STAT3, and Erk1,2 strongly increased, peaking ϳ 6 to 12 h postillumination. The level of p-Akt 473 remained largely unchanged, as did expression of gp130. GFAP expression, a marker for activated Muller glia cells, increased slightly over time as it was observed earlier (30) . Total levels of individual proteins remained largely constant, although STAT1 and STAT3 showed a slight increase with time.
Not only activation of proteins by a specific stimulus but also a timely controlled attenuation of the response Figure 1 . Members of the IL-6 family of cytokines are induced upon exposure to damaging light. BALB/c mice were not (dark control, d) or were exposed to 5000 lux of white light for 1 h and retinal RNA was prepared immediately (i) or 6 to 72 h after light exposure, as indicated. After isolation, identical amounts of RNA were reverse transcribed. Equal amounts of cDNAs from three different animals of a particular condition were pooled and used for exponential PCR. PCR amplifications were done in triplicate. Thus, each signal represents the average RNA level of three mice. A) Radiolabeled products after exponential RT-PCR were separated by nondenaturing PAGE. B) Signal intensities were determined on a PhosphorImager. Gene expression is shown semiquantitatively and relative to ␤-Act RNA levels. Dark control levels were set to 1. The dotted line represents the time course of apoptosis (release of nucleosomes) after light treatment. These data were published before (2) and are shown here for informative purposes.
is essential for an appropriate cellular reaction. The SOCS family of inhibitory proteins consists of eight members (CIS and SOCS1-7). CIS, SOCS1, and SOCS3 showed a distinct induction at the gene expression level, peaking ϳ6 (SOCS1) or 12 h after illumination, respectively. Expression of SOCS4, SOCS5, SOCS6, and SOCS7 was slightly (2-fold) and transiently reduced. Levels of SOCS2 RNA remained constant throughout the experiment (Fig. 3A, B ; Supplemental Table 1) .
Correlation with photoreceptor injury
Light-induced phosphorylation of the Jak-STAT proteins in the retina might be a physiological response to the light pulse after dark adaptation or it might be associated with retinal injury. We tested these possibilities by analyzing three mouse strains that are differentially susceptible to light damage. The mice exposed to high levels of light were 1) mice deficient for c- 33) . A comparison of the phosphorylation pattern in these three mouse strains should reveal whether Jak-STAT activation is a general response to light (if so, activation should be detected in all three lines) or whether activation is associated with damage (up-regulation in strains 2 and 3 only). The influence of c-Fos can be assessed by comparing strains 1 and 3, and a potential role for the leucine-methionine variant in RPE65 can be analyzed by a comparison of strains 1 and 2 (Fig. 4) . Exposure to excessive light-induced phosphorylation of Jak2, STAT1, STAT3 in strains susceptible to light damage (strains 2 and 3) but not in the resistant strain 1, as shown by the phosphorylation pattern at 6 h after light exposure. This demonstrates that activation of Jak/STAT correlates with light dam- Figure 2 . Induction of the Jak-STAT pathway in the retina after acute light exposure. A) BALB/c mice were not (dark control, d) or were exposed to 5000 lux of white light for 1 h. After light exposure, mice were sacrificed immediately (i) or after 2 to 96 h in darkness, as indicated. Proteins were extracted from isolated retinas and detected by Western blot. Figure 3 . Members of the suppressor of cytokine signaling family are induced upon exposure to damaging light. BALB/c mice were not (dark control, d) or were exposed to 5000 lux of white light for 1 h and retinal RNA was prepared immediately (i) or after 6 to 72 h, as indicated. After isolation, identical amounts of RNA were reverse transcribed. Equal amounts of cDNAs from three different animals of a particular condition were pooled and used for exponential PCR. PCR amplifications were done in triplicate. Thus, each signal represents the average RNA level of three mice. A) Radiolabeled products after exponential RT-PCR were separated by nondenaturing PAGE. B) Signal intensities were determined on a PhosphorImager. Gene expression is shown semiquantitatively and relative to ␤-Act RNA levels. Dark control levels were set to 1. See also Supplemental Table 1. age and not with light absorption per se. Furthermore, activation is not directly influenced by the presence or absence of c-Fos and/or the Leu450Met variant in RPE65. In contrast, increased phosphorylation of Erk1,2 was detected in all mouse strains after light exposure. Thus, activation of Jak2, STAT1, and STAT3 may be part of the degenerative pathway induced by excessive light whereas phosphorylation of Erk1,2 is not, and may represent a physiological response of the retina to light or perhaps be part of a protective pathway.
The Jak-STAT pathway in inherited retinal degenerations
We used a model for autosomal recessive RP (rd1; ref. 34 ) and a model for autosomal dominant RP (VPP; ref. 35) to test whether the signaling pathway activated in the light-induced model of photoreceptor apoptosis might also play a role in inherited retinal degeneration. Since the degeneration in VPP mice proceeds slower than in rd1 mice (12) , the time frame of analysis was adjusted accordingly. As in the light damage model, p-STAT3 levels were up-regulated during the phase of photoreceptor degeneration in both inherited models (Fig. 5) , as were levels of total STAT3 protein. Similarly, total levels of STAT1 protein were elevated although p-STAT1 was not (rd1, Fig. 5A) or barely (VPP, Fig. 5B ) detectable. In contrast to the induced model, levels of phosphorylated Jak2 were not or were only marginally elevated, and levels of p-Erk1,2 remained constant. Instead, levels of p-Akt 473 remained high in the inherited models and declined at the end of postnatal retinal development in wild-type (WT) mice. The strong induction of GFAP may reflect activation of Muller glia cells and the process of retinal remodeling (36, 37) . At PND 37, when there are hardly any photoreceptors left in the rd1 retina (12, 38) , all analyzed proteins were expressed at higher or at similar levels as in WT mice. This argues that these proteins are not predominantly expressed in photoreceptors, an interpretation that is in line with the results of the immunofluorescent stainings for Jak2, STAT1, and STAT3 (Fig. 7A) .
As in the light damage model, expression of LIF, CLC, and SOCS3 was robustly induced in the two inherited models of retinal degeneration. SOCS1 was up-regulated slightly in both models and CIS was induced in VPP mice only during the initial phase of degeneration ( Fig. 6A, B) . CNTF was up-regulated late in the light damage model ( Fig. 1 ) and was moderately induced in the rd1 mouse retina. FGF-2 was strongly up-regulated in the VPP mouse but not or only marginally in the rd1 retina. Again, expression of these genes did not decline with loss of photoreceptors, whereas expression of the rod-specific gene rhodopsin did (Fig.  6A ). These results suggest that different models of retinal degeneration differentially activate members of the Jak-STAT signaling pathway. 
Retinal localization of Jak/STAT proteins and photoreceptor degeneration
We used immunofluorescence to investigate the retinal localization of Jak/STAT proteins in the models of induced (light damage) and inherited (VPP) retinal degeneration (Fig. 7A) . In untreated mice, Jak2 and STAT3 localized to some but not all cells of the inner nuclear layer and of the ganglion cell layer. Some STAT3 staining could also be detected in inner segments of photoreceptor cells and in the outer plexiform layer (OPL). STAT1 localized mainly to the inner plexiform layer (IPL) and OPL as well as to the ganglion cells. The pattern of the STAT1 staining in the IPL may reflect stratification within the layer and therefore the synaptic complexes between bipolar, amacrine, and ganglion cells. Light treatment of the retinas did not alter the distribution of STAT1 and STAT3 but seemed to have caused a shift of Jak2 localization mainly to the IPL and OPL (between ONL and INL). Note that a similar shift of Jak2 localization to the IPL was detected in degenerating VPP retinas. Most important, however, no increased localization to the ONL was found in light-damaged retinas even though light exposure induced cell death exclusively in this cell layer (Fig. 7B ).
An increased immunofluorescence for STAT3 was detected in the ONL of 28-day-old VPP mice whereas STAT1 staining remained largely unaffected. STAT3 was also the main protein that was differentially expressed in the VPP mice when analyzed by Western blot (Fig. 5 ). However, increased immunofluorescence did not seem to correlate with the few apoptotic photoreceptors present in the ONL at the time point analyzed (Fig. 7B ).
Inhibition of Jak-STAT signaling pathway protects against induced but not inherited retinal degeneration
The differential activation of members of the Jak-STAT pathway in the induced and inherited models of retinal degeneration may suggest that interference with this signaling may lead to different effects. We used AG-490, a tyrosine kinase inhibitor specific for the Jak family kinases (39 -41) , in an attempt to dissect the role of the Jak/STAT signaling pathway in the different models of retinal degeneration. AG-490 was injected intraperitoneally (i.p.) immediately before onset of light exposure. The phosphorylation pattern of Jak2, STAT1, and STAT3 was analyzed 18 h thereafter (Fig. 8A) . In contrast to mice injected with carrier or to uninjected mice, AG-490-treated mice did not show increased protein phosphorylation. Furthermore, AG-490 treatment, and thus interference with the Jak-STAT pathway, significantly reduced light damage susceptibility of photoreceptors as indicated by reduced internucleosomal DNA cleavage (Fig. 8B) . AG-490-treated mice had only few scattered photoreceptor nuclei showing condensed chromatin (pyknotic nuclei) as a classical sign of apoptosis (Fig. 8C, middle panel) , whereas mice treated with carrier showed a highly increased number of pyknotic nuclei (Fig. 8C, bottom panel) .
To assess a potential role for Jak2 in STAT3 activation and retinal degeneration in the VPP mouse as a model for inherited retinal degeneration, we treated VPP mice with daily injections of AG-490, starting at PND 15 and ending at PND 27. Analysis was at PND 28. The retina of 15-day-old VPP mice had 7 to 9 rows of photoreceptor nuclei and distinct (but shortened) inner and outer segments (not shown). AG-490 treatment slightly re- Figure 6 . Expression of members of the IL-6 family of cytokines and of the SOCS family is induced in models of inherited retinal degeneration. A) Retinal RNA of rd1 and corresponding WT (wt) mice was isolated at indicated postnatal days. After isolation, identical amounts of RNA from three different animals were pooled, reverse transcribed and the resulting cDNA was used for exponential PCR. Thus, each signal represents the average RNA level of three mice. B) Same as in panel A, but using VPP mice as an autosomal dominant model for retinal degeneration.
duced phosphorylation levels of Jak2. Levels of p-STAT3, however, were still elevated and comparable to untreated VPP mice (Fig. 9A) . The amount of rhodopsin per retina was measured to quantify photoreceptor degeneration. Four-wk-old WT mice had 0.43 Ϯ 0.083 (nϭ3) nmol rhodopsin whereas untreated VPP mice of the same age had only 0.071 Ϯ 0.015 (nϭ3) nmol and AG-490-treated mice had 0.065 Ϯ 0.014 (nϭ4) rhodopsin left. Thus, despite AG-490 treatment, Ͼ80% of the photoreceptors were lost (Fig. 9B) . Morphological evaluation of retinas from 4-wk-old animals showed that control VPP and AG-490-treated VPP mice had retained about three rows of photoreceptor nuclei compared with 12 rows in a WT retina (Fig. 9C) . To test whether the lack of an effect of AG-490 treatment on STAT3 phosphorylation was due to an adaptational response of the retina to the long-term treatment, we analyzed phosphorylation pattern 19 h after the injection of a single dose of AG-490. The timing and treatment are comparable to the experimental protocol of AG-490 application and analysis in the light damage experiments (Fig. 8) . However, STAT3 phosphorylation was not reduced after this treatment (Fig 9D) . In addition, there was no obvious reduction in Jak2 phosphorylation. Thus, the continuously present stimulus in the VPP mouse (the mutant protein) may require several repetitive applications of AG-490 to establish an effect on Jak2 phosphorylation.
MATERIALS AND METHODS
Mice and light exposure
Animals were treated in accordance with the regulations of the Veterinary Authority of Zurich and with the statement of 'The Association for Research in Vision and Ophthalmology' for the use of animals in research. c-fos WT and c-fos knockout (c-fos Ϫ/Ϫ ) mice were on mixed SV129BL/6 background. Genotyping for c-fos and for the Rpe65 variant at position 450 was done as described (12, 32) . VPP mice were kept on a mixed SV129BL/6 background and genotyped using upstream primer 5Ј-AGA CTG ACA TGG GGA GGA ATT CCC AGA-3Ј and downstream primer 5Ј-CAG CTG CTC GAA GTG ACT CCG ACC-3. Rd1 (C3H) and BALB/c mice were from Harlan (Netherlands). Six to 8-wk-old male BALB/c mice were dark-adapted overnight (16 h) and exposed to 5000 lux of white fluorescent light for 1 h. After exposure, mice were returned to darkness for 24 h before they were returned to cyclic (12 h:12 h) light. Pigmented c-fos Ϫ/Ϫ or c-fos ϩ/ϩ mice were dark adapted as above, their pupils dilated (1% Cyclogyl, Alcon, Cham, Switzerland; and Figure 8 . Inhibition of Jak signaling prevents retinal degeneration after bright light exposure. A) BALB/c mice received immediately before light exposure no (not injected) or a single injection of 800 g AG-490 (ag) or of carrier DMSO (dm), as indicated. Mice were not (dark) or were subsequently exposed for 1 h to 5000 lux and phosphorylation of proteins was tested 18 h after exposure. Retinal proteins from separate animals were loaded in each lane. B) Retinas of animals not exposed to light (dark) or of animals pretreated either with AG-490 (ag) or DMSO (dm) and exposed for 1 h to 5000 lux were used to quantify apoptosis by ELISA. *P ϭ 0.003, two-tailed t test; n ϭ 10 mice for each condition. C) Light microscopy 18 h after light exposure. Retinas of dark control mice showed regular photoreceptors (upper panel). Retinas of AG-490 (ag) -treated mice exhibited few apoptotic photoreceptor nuclei (arrowheads, middle panel) and retinas of carrier (DMSO, dm) -treated mice had significantly more dying photoreceptors (arrowheads, lower panel). ROS: rod outer segments; RIS: rod inner segments. Other abbreviations as in Fig. 7 . 
Microscopy, immunofluorescence, and TUNEL staining
For light microscopy, eyes were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, at 4°C overnight. For each eye, the superior and inferior retina were prepared, washed in cacodylate buffer, incubated in osmium tetroxide for 1 h, dehydrated, and embedded in Epon 812. Sections (0.5 m) were prepared from the lower central retina (most affected in our light damage model) and counterstained with methylene blue.
For immunofluorescence and TUNEL staining, eyes of adult WT control or light exposed (2 h at 13,000 lux, analysis was atϩ12 h) mice, respectively, or of 28-day-old VPP mice of the Rpe65 450M background (64) were enucleated, embedded in Tissue Tec OCT compound (Mioles Inc., Elkhart, IN, USA), and frozen in liquid nitrogen. Sections (10 ) were dried and fixed in acetone for 10 min at 4°C. Sections were washed in PBST (PBSϩ0.05% Triton X-100) for 2 ϫ 5 min at room temperature. After blocking in PBST ϩ 10% normal goat serum (NGS) for 1 h at room temperature, sections were incubated with the respective primary antibodies (anti-Jak2, Biosource; Camarillo, CA, USA; anti-STAT1 and anti-STAT3, Cell Signaling; Beverly, MA, USA). Sections were washed 3 ϫ 10 min in PBST and Cy3-conjugated secondary anti-rabbit antibodies (Jackson ImmunoResesarch, Soham, UK) were added in PBST ϩ 3% NGS (dilution 1/500) for 1-2 h at room temperature. Sections were washed 2 ϫ 10 min in PBST and 1 ϫ in PBS. TUNEL staining was done according to the manufacturer's recommendation (Roche diagnostics, Basel, Switzerland).
Western blot
Retinas were homogenized in 100 mM Tris/HCl, pH 8.0, and analyzed for protein content using Bradford reagent. Standard SDS-PAGE and Western blot were performed. For immunodetection, the following antibodies were used: antiJak2 (#44 -406, Biosource), anti-STAT1 (#9172, Cell Signaling), anti-STAT3 (#9132, Cell Signaling), anti-ERK1,2 (#9102, NEB), anti-Akt (#9272, Cell Signaling), anti-gp130 (sc-656, Santa Cruz), anti-GFAP (G-3893, Sigma), anti-␤-actin (sc-1616, Santa Cruz), anti-phospho-Jak2 pYpY1007/1008 (#44 -426, Biosource), anti-phospho-STAT1 Tyr701 (#9171, Cell Signaling), anti-phospho-STAT3 Tyr705 (#9131, Cell Signaling), antiphospho-ERK1,2 Thr202/Tyr204 (#9101, NEB), anti-phosphoAkt Tyr473 (#9271, Cell Signaling). Blots were incubated overnight at 4°C with primary antibodies followed by a 1 h incubation at room temperature with HRP-conjugated secondary antibodies. Immunoreactivity was visualized using the Renaissance-Western blot detection kit (Perkin Elmer Life Sciences, Emeryville, CA, USA).
RNA preparation and RT-polymerase chain reaction (RT-PCR)
Retinas were removed through a slit in the cornea and immediately frozen in liquid nitrogen. Total retinal RNA was prepared using the RNeasy RNA isolation kit (Qiagen, Hilden, Germany), including DNase treatment to digest residual genomic DNA. Identical amounts of RNA were used for reverse transcription using oligo(dT) and M-MLV reverse transcriptase (Promega, Madison, WI, USA). cDNAs from three different animals were pooled and amplified with specific primers (Table 1) . Amplification was stopped at cycle numbers ensuring analysis of products in the linear amplification phase of the polymerase chain reaction (PCR) (numbers of cycles were determined in pre-experiments). Downstream primers were 32 P-end-labeled. Amplification products were resolved on a 6% native polyacrylamide gel, quantified on a PhosphorImager, and normalized to ␤-actin expression. In experiments without quantification, PCR products were resolved on a 1.5% agarose gel.
AG-490 injections, ELISA cell death assay, rhodopsin measurements
AG-490 (LC Laboratories, Woburn, MA, USA) was dissolved in 56% DMSO. AG-490 (40 g/g) (65, 66) was injected i.p. immediately before light exposure or daily ϳ 10 AM, respectively. Control animals were injected with 56% DMSO. Cell death was quantified 18 h after light exposure using the ELISA-based Cell Death Detection Kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's recommendation. The rhodopsin content was determined as described (67). 
DISCUSSION
Retinal degeneration is a leading cause of blindness in human patients. Here we investigated signaling pathways in an induced, an autosomal recessive, and an autosomal dominant model for the disease in humans. We show that proteins of the Jak-STAT pathway were induced in all models but that the individual activation patterns were death stimulus-specific. Differentially activated proteins include cytokine ligands, STAT transcription factors, and molecules of a negative feedback loop. The neuroprotective effect of the inhibition of Jak2 in induced but not in inherited cell death suggests that this signaling cascade is of differential importance depending on the death stimulus. The Jak-STAT signaling pathway, and especially STAT1 and STAT3 proteins have been implicated in neurodegenerative as well as neuroprotective mechanisms (42) . In the light-treated retina, STAT1 and STAT3 proteins were both activated, suggesting that cell death as well as cell survival pathways were induced. We speculate that the retina generates death factors promoting apoptosis of photoreceptors that are damaged beyond rescue and survival factors that help to rescue damaged photoreceptors that are still viable. The nature of such factors remains to be determined, but their production may be differentially controlled by STAT1 and STAT3, respectively. Jak2, STAT1, and STAT3 proteins were found mainly in the INL, GCL, IPL, and OPL but rarely in photoreceptors (Fig. 7) , which agrees with previous reports (14, 43, 44) . However, photoreceptors are the cells primarily affected in all models of retinal degeneration used here. Thus, the fate of photoreceptors might be determined by other cell types through STAT1/STAT3-regulated production and release of growth factors and/or cytokines. Recently, injection of CT-1 (a member of the IL-6 family of cytokines) into the eyes of a rat model for inherited retinal disease increased phosphorylation of STAT3 and STAT1 and protected photoreceptors. Increased phosphorylation colocalized with Muller cells, implicating these cells in the regulation of photoreceptor apoptosis in a paracrine fashion (45) . Evidence suggests that the neuroprotective effect of CNTF on photoreceptors and ganglion cells may be mediated through induction of STAT3 (14, 46) . Our results here are in line with such a conclusion.
Peak activation of the Jak-STAT pathway was at 12 h postillumination whereas the peak of apoptotic release of nucleosomes was found ϳ 36 h after exposure (2), supporting the notion that Jak-STAT signaling is an early event that may regulate the fate of photoreceptor cells. Thus, it is conceivable that interference with such an early event can influence the progression of the degeneration. The tyrosine kinase inhibitor AG-490 interferes with Jak kinases, including Jak2 (39 -41) . Thus, reduced activation of STAT1 and STAT3 may have been through inhibition of Jak2, although we cannot completely rule out an involvement of other AG-490-responsive kinases. Since the presumable proapoptotic pathway (STAT1) was blocked, the simultaneous reduction of the presumable antiapoptotic STAT3 pathway was not disastrous for the retina, and the net result of the treatment was protection of photoreceptors.
In the case of the analyzed models for inherited photoreceptor degeneration, mainly STAT3 but not STAT1 was activated throughout the degenerative period. Although STAT1 may be an important death mediator in the light damage model, it may not be involved in the inherited models. Also, phosphorylation of Jak2 was at best slightly increased in the VPP mouse and remained at basal levels in the rd1 retina. Since cell death in the inherited models stretches over an extended period, activation of the proteins may only occur in a small number of cells simultaneously and may therefore go undetected in Western blot experiments. However, the immunofluorescent stainings did not give evidence that the proteins colocalize with dying (TUNEL-positive) cells. This suggests that photoreceptor degeneration in the inherited models may be independent of Jak2, a conclusion corroborated by the ineffectiveness of AG-490 treatment of VPP mice. The strong activation of STAT3 in these mice therefore may be by an alternative pathway, which may include, for example, an oxidative stress response (47, 48) . Nevertheless, activation of the (presumably) protective STAT3 signaling obviously is not sufficient for rescuing photoreceptors in the inherited model. Although STAT3 is activated in induced and inherited models, the signaling system through which STAT3 is activated may be different. The differential effectiveness of many factors on induction and progression of induced or inherited retinal degeneration (2) also argues for the existence of multiple signaling systems that lead to photoreceptor cell death. To develop therapeutic strategies for a large variety of diseases, it will be important to identify and understand these signaling events.
The sustained phosphorylation of Akt in both models of inherited retinal degeneration argues for molecular mechanisms in addition to STAT3 signaling. The PI3K-Akt pathway has been shown to be important for the survival of several neuronal cell types (49 -51) , and Akt has been suggested to be part of a retinal defense mechanism in response to toxic insults (52), perhaps through the activation of CNTF expression (17) . At least in the rd1 retina, steady-state levels of CNTF mRNA were moderately elevated in the late phase of degeneration, as has been reported by others (53) . In the rd1 retina, Akt and pAkt expression did not decline at P37, a time point when the rd1 mouse has lost almost all photoreceptors. This indicates that the majority of Akt is not expressed in photoreceptors. The same holds true for the other genes tested (Figs. 5, 6 ) as judged by their expression pattern during aging. The immunofluorescent studies (Fig. 7 ) support this conclusion. Therefore, induction of the genes and proteins shown here might be a response of cells in the INL and/or GCL to photoreceptor injury. The protection of photoreceptors against light damage by inhibition of Jak2 may thus suggest a model in which photoreceptors signal injury to cells in the INL, which then initiate the appropriate response to either support survival or promote death of the injured photoreceptors. In addition, induction of a general defense mechanism may ensure survival of cells not directly damaged by the applied toxic stimulus. Such a defense mechanism may involve CNTF in the rd1 mouse and FGF-2 in the VPP mouse. Chronic up-regulation of FGF-2 may slow down the progression of photoreceptor degeneration in the VPP mouse as has been suggested for other models (54) .
It is tempting to speculate that the cells that "rule" over the fate of other cells might be the Muller glia cells. These cells have been shown to react strongly to retinal injury and they seem to release neurotrophic factors, including the protective cytokines FGF-2 and CNTF, in protocols of preconditioning and neuroprotection (14, 15, 26, (55) (56) (57) (58) .
The role of LIF
The role of CLC and LIF, the two members of the IL-6 family of cytokines that were induced in all models of retinal degeneration, is unclear. They may act in an autocrine or paracrine fashion. In the rd1 mouse, expression of CLC and LIF was still up-regulated even after most photoreceptors had died and were cleared from the subretinal space. The same long-lasting stimulation was observed for p-STAT3, p-Akt 473 , and GFAP. This may suggest that these factors play a role in the retina even after photoreceptor degeneration-for example, in the remodeling of second order neurons, which begins as early as PND10 in the rd1 retina (36, 37) . LIF may be of particular interest in this respect since this factor was shown to keep cells in an undifferentiated state to modulate stem cell renewal (59, 60) . In the postnatal retina, LIF blocks expression of Nrl and Crx transcription factors (61), disrupts synaptic organization (62) , and arrests developing photoreceptors in a pre-rod stage (63) . Increased expression of LIF in a degenerating retina may therefore be required for the adjustment of the remaining cells of the INL and GCL to the new retinal architecture.
In summary, we show the differential regulation of the IL-6 family of cytokines and of the Jak-STAT signaling pathway in different models of retinal degeneration. Interference with this signaling protects a model of induced but not a model of inherited photoreceptor apoptosis, suggesting that regulation/execution of cell death of visual cells strongly depends on the particular apoptotic stimulus. The expression pattern of the various factors supports a pivotal regulatory role of the INL and/or GCL in photoreceptor apoptosis. Treatment strategies to prevent photoreceptor degeneration in human blinding diseases may thus need to target the regulatory molecular response of cells apart from photoreceptors. 
SPECIFIC AIMS
Photoreceptor apoptosis is a hallmark of blinding diseases caused by retinal degeneration. Neuroprotective strategies may protect photoreceptors from cell death and thus prolong the period of useful vision in patients.
For the development of such strategies it is essential to understand the molecular signaling pathways involved in the degeneration of the retina. Molecules of the Jak-STAT pathway have been implicated in the control of cell survival, cell progression, and cell death. We analyzed a potential role of Jak-STAT signaling in three models of induced and inherited retinal degeneration.
Using an inhibitor of Jak2, we tested whether the Jak-STAT pathway might be a potential target for therapeutic approaches, with the goal to prevent photoreceptor apoptosis.
PRINCIPAL FINDINGS
Induction of the Jak-STAT signaling pathway in a model of light-induced retinal degeneration
Retinal expression of leukemia inhibitory factor (LIF) and cardiotrophin like cytokine (CLC), members of the interleukin (IL)-6 family of cytokines, was strongly up-regulated during photoreceptor degeneration induced by exposure to bright white light. Peak expression of LIF and CLC occurred 12 h after light exposure, declining to near-basal levels in 3 days. Concomitant with the induction of the cytokines, Janus kinase-2 (Jak2) as well as signal transducer and activator of transcription-1 (STAT1) and STAT3, both targets of Jak2, were activated by phosphorylation (Fig.  1) . Extracellular-regulated kinase 1,2 (ERK1,2) was phosphorylated but Akt was not. This suggests that LIF and/or CLC were binding to their respective membrane receptors, leading to the activation of the intracellular Jak-STAT signaling pathway.
Jak2 and STAT-3 localized mainly to cells of the inner nuclear layer (INL) and the ganglion cell layer (GCL) with a weaker signal of STAT-3 in the inner segments of photoreceptors. STAT-1 localized mainly to the inner and outer plexiform layers (IPL and OPL) as well as to the GCL. This localization agrees with earlier publications and suggests that cells of the INL and GCL may respond to photoreceptor cell death.
The family of suppressors of cytokine signaling (SOCS) constitute a negative feedback loop for the regulation of Jak-STAT signaling. Expression analysis of all eight members of the SOCS family revealed a strong induction of SOCS3 (Ͼ13-fold) and, to a lesser extent, of SOCS1 (Ͼ6-fold) and of CIS (Ͼ2-fold).
Light-induced activation of the Jak-STAT pathway is damage dependent
To evaluate the significance of the activation of the Jak-STAT pathway for retinal degeneration, we tested phosphorylation of Jak2, STAT1, STAT3, and ERK1,2 in mouse strains differentially susceptible to light-induced retinal degeneration. Retinas of mice lacking the c-Fos protein on a genetic background expressing the methionine variant of the Rpe65 gene (c-fos Ϫ/Ϫ ; Rpe65 450M ) are not susceptible to light damage whereas photoreceptors of c-fos Ϫ/Ϫ mice expressing the leucine variant of the Rpe65 gene (Rpe65 450L ) undergo rapid apoptosis after acute light exposure.
Phosphorylation of ERK1,2 was increased after exposure in all strains, suggesting that ERK1,2 is activated by light per se and so may be involved in a physiological response to increased lighting conditions. In contrast, Jak2, STAT1, and STAT3 were activated exclusively in strains that are susceptible to light damage. No activation could be detected in the resistant strain. Thus, the Jak-STAT signaling pathway may be important for the induction of cell death after the light stimulus, an interpretation supported by the peak of activation at 12 h postillumination, 24 h before the maximal release of free nucleosomes, which was analyzed as a biochemical marker for apoptosis.
Induction of members of the Jak-STAT pathway in inherited retinal degeneration
We used the rd1 mouse as a model for autosomal recessive retinitis pigmentosa (arRP) and the transgenic VPP mouse as a model for autosomal dominant RP (adRP) to test whether the pathway activated by acute light exposure may also be involved in photoreceptor apoptosis in inherited retinal degeneration. A mutation in the ␤-subunit of phosphodiesterase causes the rapid degeneration of photoreceptors in the rd1 mouse, with an early onset around postnatal day (PND) 11 and almost complete degeneration at 3 wk of age. The transgene in the VPP mouse expresses a mutant rhodopsin protein with three amino acid substitutions. Degeneration induced by the transgene has a later onset and is slowly progressing. As in the light damage model, p-STAT3 levels were up-regulated during the phase of photoreceptor degeneration in both inherited models. Although levels of total STAT1 protein were elevated in both inherited models, p-STAT1 was not (rd1) or was only barely (VPP) detectable. In contrast to the induced model, p-Jak2 was not (rd1) or only marginally (VPP) activated, and levels of p-ERK1,2 remained constant. Instead, levels of p-Akt were elevated in the adult retinas of both models.
Exponential RT-polymerase chain reaction (RT-PCR) showed that LIF and CLC cytokines were also induced in both inherited models, as was SOCS3. CIS was slightly elevated in the VPP model but not in the rd1 mouse. SOCS1, however, remained at basal levels in both models. These results suggest that a degenerationinducing stimulus causes a specific expression and/or activation of members of the Jak-STAT pathway. This is further supported by our observation that ciliary neurotrophic factor (CNTF) was moderately induced in the rd1 mouse retina and that fibroblast growth factor-2 (FGF-2) was strongly up-regulated in the VPP mouse but only marginally in the rd1 retina. Figure 1 . Induction of the Jak-STAT pathway in the retina after acute light exposure. BALB/c mice were not (dark control, d) or were exposed to 5000 lux of white light for 1 h. After light exposure, mice were sacrificed immediately (i) or after two 96 h of recovery in darkness as indicated. Proteins were extracted from isolated retinas and tested by Western blot. Figure 2 . Inhibition of Jak signaling prevents retinal degeneration after bright light exposure. A) Immediately before light exposure, BALB/c mice received a single injection of 800 g AG-490 (ag) or carrier DMSO (dm) or were not injected. Mice were subsequently exposed for 1 h to 5Ј000 lux or not (dark) and phosphorylation of proteins was tested 18 h postexposure. Retinal proteins from separate animals were loaded in each lane. B) Retinas of animals not exposed to light (dark) or of animals pretreated with AG-490 (ag) of DMSO (dm) and exposed for 1 h to 5Ј000 lux were used to quantify apoptosis by ELISA. *P ϭ 0.003, 2-tailed t test; n ϭ 10 mice for each condition. C) Light microscopy 18 h after light exposure. Retinas of dark control mice showed regular photoreceptors (upper panel). Retinas of AG-490 (ag)-treated mice exhibited few apoptotic photoreceptor nuclei (arrowheads, middle panel); retinas of carrier (DMSO, dm)-treated mice had significantly more dying photoreceptors (arrowheads, lower panel). RPE: retinal pigment epithelium; reactive oxygen species (ROS): rod outer segments; RIS: rod inner segments; ONL outer nuclear layer.
Inhibition of Jak-STAT signaling protects against induced but not inherited retinal degeneration
AG-490, an inhibitor of Jak2 activity, was injected i.p. immediately before the onset of light exposure. In contrast to control mice injected with carrier or ones that did not receive an injection, AG-490-treated mice did not show increased protein phosphorylation (Fig.  2) . Furthermore, AG-490 treatment, and thus interference with the Jak-STAT pathway, significantly reduced light damage susceptibility of photoreceptors as indicated by reduced internucleosomal DNA cleavage (Fig.  2B) . AG-490-treated mice had only a few scattered photoreceptor nuclei showing condensed chromatin as a classical sign of apoptosis (Fig. 2C, middle panel) , whereas mice treated with carrier only showed a highly increased number of pyknotic nuclei (Fig. 2C, bottom  panel) .
To assess the potential role of Jak2 in STAT3 activation and retinal degeneration in the VPP mouse, we treated VPP mice with daily injections of AG-490, starting at PND 15 and ending at PND 27. Analysis was at PND 28. The retina of 15-day-old VPP mice had 7 to 9 rows of photoreceptor nuclei and distinct (but shortened) inner and outer segments. AG-490 treatment reduced phosphorylation of Jak2 to levels found in wild-type (WT) animals. Levels of p-STAT3, however, were still elevated and clearly above WT levels. The amount of rhodopsin per retina was measured to quantify photoreceptor degeneration. Four-wk-old WT mice had 0.43 Ϯ 0.083 (nϭ3) nmol rhodopsin, whereas untreated VPP mice of the same age had only 0.071 Ϯ 0.015 (nϭ3) nmol and AG-490-treated mice had 0.065 Ϯ 0.014 (nϭ4) rhodopsin left. Thus, regardless of the AG-490 treatment, Ͼ80% of the photoreceptors were lost.
CONCLUSIONS AND SIGNIFICANCE
In this work we show that members of the Jak-STAT pathway are induced in three different models of retinal degeneration. The individual activation patterns, however, are death stimulus specific. Differentially activated proteins include cytokine ligands, STAT transcription factors, and molecules of a negative feedback loop. The neuroprotective effect of the inhibition of Jak2 in induced but not in inherited cell death, supports the conclusion of different molecular pathways in retinal degenerations.
The Jak-STAT signaling pathway has been implicated in neurodegenerative as well as neuroprotective mechanisms. Activation of STAT1 is mostly proapoptotic whereas phosphorylation of STAT3 is commonly accepted as antiapoptotic. In the light-treated retina, STAT1 and STAT3 proteins were both activated, implying that cell death as well as cell survival mechanisms were induced. We speculate that the retina responds to an insult by generating both death factors promoting apoptosis of photoreceptors that are damaged beyond rescue and survival factors which help to rescue damaged photoreceptors that are still viable (Fig. 3) . The production of such factors may be differentially controlled by STAT1 and STAT3, respectively. Jak2, STAT1, and STAT3 proteins were found mainly in cells of the INL and GCL and in the inner and outer plexiform layers. However, photoreceptors are the cells primarily affected in all models of retinal degeneration used here. Thus, the fate of photoreceptors might be determined by other cell types through STAT1/STAT3-regulated production and release of growth factors and/or cytokines.
Treatment with AG-490 did not rescue photoreceptors in the VPP mouse, which suggests that different mechanisms are involved in inherited retinal degenerations. The differential activation of STAT3 and STAT1 proteins, and especially the sustained phosphorylation of Akt in both inherited but not the induced model, support this conclusion. To find treatment strategies for a broad range of retinal degeneration, it is of outmost importance to analyze the different signaling cascades in order to identify common molecules as potential treatment targets. 
